A constant paradox for researchers working in the field of insulin and insulin-like growth factor-I (IGF-I), is to explain how these proteins despite binding to and activating highly homologous membrane receptors and triggering similar signalling pathways, yet exert distinct physiological roles in the control of metabolism and growth. Despite extensive studies, the molecular basis for the specificity between insulin and IGF-I signaling is still poorly understood. In an attempt to reveal the gene expression profiles regulated by their divergent functions, we used Affymetrix microarrays to monitor gene expression patterns that are regulated by either insulin or IGF-I. A fully differentiated human adipocyte line, derived from the adipose tissue of a child with Simpson-Golabi-Behmel Syndrome (SGBS), was stimulated with either insulin or IGF-I. Following stimulation of the differentiated adipocytes with insulin for 24 h, we found 329 genes differentially regulated of which 215 were up-regulated and 114 were down-regulated. When SGBS adipocytes were stimulated with IGF-I, 103 genes were differentially expressed, of which 70 were up-regulated and 33 were down-regulated. Our results indicate that under the conditions used in the present study, insulin is a more potent regulator of gene expression in human adipocytes than IGF-I.
INTRODUCTION
The polypeptide hormones insulin and insulin-like growth factor-I (IGF-I) that belong to a structurally related superfamily are essential for growth, development, metabolism, and survival [1] . These hormones mediate their biological effects by binding to their cognate transmembrane receptors on the surface of the target cells. Although both the receptors and the ligands are structurally and functionally similar and target essentially the same intracellular signaling networks, the two receptors trigger distinct physiological responses [2, 3] . The phenotype of homozygous knockout mice suggested that IGF-IR is primarily a growth promoter, while IR is a metabolic regulator [4] . When born, IR knockout mice are of normal size but subsequently develop severe hyperglycemia and hyperketonemia, while IGF-IR knockout mice exhibited severe abnormalities in growth and differentiation and die shortly after birth, primarily from lack of development of thoracic muscles [4] .
Since both the IR and IGF-IR utilize essentially the same intracellular signaling networks, yet nevertheless trigger distinct physiological responses, it is crucial to delineate the differential gene responses elicited by these ligands to gain *Address correspondence to this author at the Department of Clinical Medicine, Trinity Centre for Health Sciences, St. James's Hospital, Rm 2.09, James's Street, Dublin 8, Ireland; E-mail: sgray@stjames.ie an insight into how the specificity of ligand signaling is determined. Previously, attempts to molecularly dissect the effects of these signaling pathways on gene expression profiling studies have used mouse NIH-3T3 fibroblasts overexpressing either the IR or IGF-IR [5] or 3T3-L1 cells expressing receptor chimeras with identical extracellular domains fused to the intracellular domain of the IR or IGF-IR [6] . Recently, the gene expression profile induced by insulin and IGF-I has been studied in more relevant target cells like primary human myoblasts and myotubes, where IGF-I was found to be a more potent regulator than insulin [7] . Also, Jensen et al. compared the gene expression profile induced by insulin and an insulin mimetic peptide in rat L6 myoblasts transfected with the insulin receptor A-isoform [8] .
In the present work, we chose to gain a global insight on gene expression patterns differentially regulated by insulin and IGF-I by using another major insulin target, adipocytes. We chose to use a human preadipocyte cell line, derived from the adipose tissue of a child with Simpson-GolabiBehmel syndrome (SGBS), a rare X-linked recessive syndrome characterized by pre-and postnatal overgrowth, facial dysmorphic features, supernumerary nipples, and a variety of other inconstant malformations. This human cell line has the ability to proliferate for many generations without losing the ability to undergo differentiation into an adipocyte, and represents a useful tool for molecular studies of human fat cell biology [9, 10] . Pre-adipocytes and adipocytes were stimulated with either insulin or IGF-1, and gene expression profiles were determined using Affymetrix HG-U133A microarrays. Following this, validation of several genes which showed differential expression were performed by real-time PCR. Finally, the online Ingenuity Pathways Analysis software was used to identify key biological pathways and functions associated with the genes identified by microarray analysis.
MATERIALS AND METHODS

Cell Culture
Human SGBS preadipocytes (kindly provided by Prof. Martin Wabitsch, Ulm University) were cultured to near confluency in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10% FCS (fetal calf serum). To induce adipose differentiation cells were repeatedly washed with PBS buffer and cultured in serum-and albumin-free DMEM containing 10 nM human insulin (Novo Nordisk), 1 μM corticol (Sigma), and 200 pM triiodothyronine (Day 0). Differentiation was initiated by the addition of Rosiglitazone for 3 days and Dexametasone/MIX (methylisobutylxanthine) for 7 days. Differentiation proceeded until day 14 followed by an additional 2 days without insulin (Day 16). At this time point, nearly all preadipocytes had acquired an adipocyte phenotype filled with multiple large fat droplets.
Under experimental conditions, the SGBS preadipocytes and adipocytes were starved for 24 hours in serum-free media, and subsequently treated with either human insulin (100 nM) or IGF-I (6.58 nM -50 ng/ml) for 24 hours.
RNA Isolation and Sample Processing
Total RNA was extracted from two different passages in triplicates from each passage, using Tri-Reagent according to the manufacturer's protocol (Invitrogen; Carlsbad, Ca). The RNA isolated was pooled and further purified using the RNeasy mini kit according to the manufacturers protocol (Qiagen). Samples were processed for microarray analysis using the protocols and kits provided/recommended by the manufacturer (Affymetrix). Duplicate Affymetrix HG-U133A (Affymetrix Inc., Santa Clara, CA, USA) arrays from each pool were carried out for each treatment condition. In total 4 arrays were used for each treatment, representing two biological replicates and two technical. Following hybridization, fluorescence intensities were determined using an Affymetrix scanner 3000.
Data Analysis
Data analysis of scanned images was performed using the program dChip, developed by Li and Wong and its perfect match (PM)-only, model-based expression index [11] . Briefly, the array files were normalized using the multi array invariant-set normalization method. dChip was used to calculate significance at P < 0.05 of the PM data from the mean and standard errors of the signal intensities. The standard errors attached to the MBEI values are array-specific measurement errors, and dChip obtained these values by comparing the probe response pattern in a particular array to the pattern seen in most arrays [11] (also see http://biosun1.harvard.edu/complab/dchip/ ).
Transcripts which were identified by using a 90% lower confidence bound of fold change, and up or down-regulation by 1.5-fold or more and a P < 0.05, were further analyzed for functional ontology using Ingenuity Pathways Analysis.
Ingenuity Pathways Analysis
Ingenuity
Pathways Analysis (IPA) software (http://www.ingenuity.com/) was used to identify key functions and pathways differentially regulated by the two ligands, insulin and IGF-I. The data set obtained from dChip, containing gene identifiers and their corresponding expression values (fold change) were uploaded into IPA as a tabdelimited text file to perform the analysis. Each gene was mapped to its corresponding gene object in the IPA knowledge base.
Real-Time PCR
To validate microarray data, we chose seven genes belonging to different classes of categories and performed realtime quantitative PCR (qPCR). cDNA for real-time qPCR was generated for each sample using the Transcriptor First Strand cDNA Synthesis Kit (Roche diagnostics) according to manufacturer's instructions. Briefly, 100 ng of total RNA from the same pooled aliquot of RNA as used for the microarray analysis was reverse transcribed using random hexamer primers, and the provided reverse transcriptase in a total volume of 20 μl, cDNA was stored at -20°C until further use.
Universal Probe Library probes (Roche), were used for real-time PCR assays, and were designed using Probefinder (www.probelibrary.com). Real-time PCR assays were run using FastStart Taqman Probe master ROX (Roche) on the ABI prism 7900 Sequence Detection system (PE Applied Biosystems). Absolute quantification using a standard curve was used and 18s RNA was used for normalization. The PCR thermal cycling conditions performed for all of the samples was as follows: 10 minutes at 95°C; and 40 cycles for the melting (95°C for 15 seconds) and annealing/extension steps (60°C for 1 minute). At least two independent experiments were performed in duplicates for each gene and compared with the results obtained by microarray analysis.
RT-PCR
1
st strand cDNA was generated from 1 μg of total RNA with Superscript II according to the manufacturers instructions (Invitrogen). Markers of adipocyte differentiation were examined using the primers and PCR conditions for Glut4, PPAR 2, and Leptin as previously described [12] . Quantification of the RT-PCR results was obtained by scanning the gel images and importing the data into TINA (Raytest GmBH) with Beta-Actin utilized as the internal control. The values for the gene under scrutiny were normalized to the internal control.
RESULTS
Genes Differentially Regulated by Insulin and/ or IGF-I in Human SGBS Adipocytes
In order to analyze global gene expression patterns differentially regulated by either insulin or IGF-I, differentiated human SGBS adipocytes were stimulated by either human insulin (100 nM) or IGF-I (6.58 nM -50 ng/ml) for 24 hours. To confirm differentiation, the expression of three markers of differentiation (PPAR, Leptin and GLUT-4) was examined by RT-PCR in the pre-adipocytes and following differentiation into adipocytes (Fig. 1) . Our results clearly demonstrate the induction of these markers of adipocyte differentiation as the cells move from the pre-adipocyte to adipocyte status, in agreement with others [10] . Folllowing extraction of total RNA, biotinylated cRNA probes were generated from RNA extracted from non-stimulated controls and ligand-stimulated SGBS cells and hybridized to Affymetrix HG-U133A arrays, according to Affymetrix procedure, and the data analyzed by DNA-Chip Analyzer (dChip). Gene lists, were generated by comparing the samples in the two treatments with untreated controls. Using this procedure (Fig. 2) , we identified in total 329 transcripts that were differentially expressed by greater than 1.5 fold in insulin treatment and 103 transcripts in IGF-I treatment. Comparison analyses between genes differentially regulated by insulin and IGF-I, identified 244 genes that were specifically regulated by insulin and 18 specifically by IGF-I, whereas 85 were regulated by both insulin and IGF-I. Clustering of the genes regulated by insulin and IGF-I, revealed that the greatest responses in the samples were obtained by insulin (Fig.  3) . These results indicate that, in SGBS adipocytes, insulin is a more potent regulator of gene transcription than IGF-I.
Patterns of Gene Expression and Functional Analysis
Considering the number of genes differentially regulated in this experimental setup, it is obvious that we cannot discuss all one by one. Therefore, we carried out functional analysis by using the Ingenuity Pathways Analysis (IPA). Data sets, obtained from dChip containing gene identifiers, corresponding expression values and p-values were uploaded into the IPA application and genes associated with biological functions that were most significant to the particular dataset were identified, and Fischer's exact test was used to calculate a p-value for each biological function to that data set. Before uploading, we split our data set into up-and down-regulated genes in both treatments and then ran a comparison analysis. From this several other assignments to the ontological categories were found possible. As shown in Tables 1 and 2 , IPA assigned the largest number of up-and down-regulated transcripts to the categories of lipid metabolism, cell death/apoptosis, cell cycle, cell growth and proliferation, cell signaling, cell morphology, post translational modification, organ development, embryonic development, and carbohydrate metabolism.
Among the differentially regulated transcripts, we found genes that were previously reported to be regulated by insulin and IGF-I. For example, the expression of PCK1 (phosphoenolpyruvate carboxykinase 1), a gene involved in regulation of gluconeogenesis [13] , was downregulated by both insulin and IGF-I. Two other genes previously reported as being differentially expressed in microarray experiments, pyruvate dehydrogenase kinase 4 (PDK4) and integrin -6 (ITGA6) [5, 6] were expressed in similar fashion, thus providing evidence for the validity of the obtained results.
Similar and Differentially Regulated Intracellular Signaling Pathways by Insulin and IGF-I
The key issue in understanding the specificity of signaling by insulin and insulin-like growth factors is whether they act on pathways that can use different subsets within a given signaling network (that may then translate into distinct subsets of differentially expressed genes), or act via the same pathways but with different outputs (e.g. with different kinetics of activation of some key pathway elements), which may result in quantitative rather than qualitative differences in the patterns of gene expression.
In an attempt to relate such differentially expressed genes to distinct signaling pathways, we uploaded the full data set for both treatments into the Ingenuity Pathway Analysis (IPA) software and identified signaling pathways from the IPA library of canonical pathways affected by treatments with insulin or IGF-I. IPA identified that a small set of genes involved in the phosphatidylinositol 3-kinase (PI3K/AKT) signaling pathway, was specifically up-regulated in our dataset by insulin, namely activator of heat-shock 90-kd protein ATPase 1 (AHSA1) and stress-induced phosphoprotein 1 (STIP1), whereas heat shock protein-90 (Hsp90) was also upregulated by IGF-I. Fig. (4) displays a schematic representation for the insulin stimulated PI3K/AKT signaling pathways generated by IPA, with members of the pathway found in our data set in red.
Another pathway identified by IPA as being significant, is the extracellular signal-regulated kinase/ mitogenactivated protein kinase (ERK/MAPK) signaling pathway. Four genes which were differentially regulated by insulin in this pathway were all upregulated while 2 were up-regulated and 1 down-regulated by IGF-I. The genes associated with ERK/MAPK pathway, regulated by insulin were heat shock 27kDa protein 1 (HSPB1), phosphoinositide-3-kinase, regulatory subunit 3 (PIK3R3) and protein phosphatase 1, regulatory (inhibitor) subunit 3C (PPPIR3C) (Fig. 5) .
Fig. (2).
Comparative anlysis of genes differentially regulated by insulin and IGF-I, perfomed in dChip using "combine type" terms like Or, And/And Not. These analyses revealed that 329 genes were regulated by insulin and 103 by IGF-I, from these 244 were specifically regulated by insulin and 18 specifically by IGF-I, whereas 85 genes were shared by both ligands. Other interesting genes identified by this microarray study include the adipokine, visfatin (VF), or Pre-B-Cell Colony-Enhancing Factor 1 (PBEF1), and Sirtuin 1 (Sirt 1), Growth Hormone Receptor (GHR), farnesyl diphosphate synthase (FTPS) and tubulin, beta polypeptide (TUBB/BT2) ( Tables 1, 2 and Fig. (6) ).
Validation of Microarray Data
To validate microarray gene expression data, 7 genes belonging to different classes of categories were selected for real-time PCR analysis. In addition to specific primers for each gene, we used short hydrolysis probes of 8-9 nucleotides, thereby increasing the specificity. The selected genes, sequences of primer pairs and the Universal Library Probe numbers used for the real-time PCR are reported in ( Table  3) . The results obtained by real-time PCR were compared with microarray data to check for the robustness of the microarray experiments.
The levels of the seven genes validated by real-time PCR were generally higher than the levels obtained by microarray analysis, but otherwise followed the general expression patterns. The expression profiles by the two techniques are shown in (Fig. 6) . The IGF-I transcript did not show up in the microarray analysis in the insulin treatment but was 2-fold upregulated in real-time PCR analysis. Generating a complete list of all genes with fold-regulation and p-values, revealed though, that IGF-I was actually also upregulated 1.6-fold in the microarray analysis but the p-value was higher than the cutoff we had chosen and was therefore not found significant by the analysis performed by dChip. Moreover, the transcript, Sirtuin, identified as downregulated by PCR method was also found in the IGF-1 list but the fold regulation was -1.4, while we had set the lower boundary fold change to ±1.5 and therefore was not initially detected by microarray. In summary, these results show that it is important to verify the microarray results by using other techniques. From the list of genes reported by dChip to be significant, in both treatments we split the obtained lists in up and dowregulated genes and uploaded into the IPA application. The functional analysis identified the biological functions that were most significant to the data set uploaded. Not all genes could be associated with the identified biologcal functions, whereas others were found in multiple categories. Values represent fold changes in expression. 
DISCUSSION
In the present work, we chose to gain insights into gene expression patterns differentially regulated by insulin and IGF-I, using human adipocytes as our model, as they represent a major target for both insulin and IGF-I mediated responses in humans. We chose to use the SGBS cell line derived from the adipose tissue of a child with SimpsonGolabi-Behmel syndrome (SGBS). This spontaneously transformed cell line can undergo differentiation into adipocytes, and the cells are morphologically, biochemically and functionally identical to in vitro differentiated adipocytes from healthy subjects, and in our opinion represent a better physiological model for studying IGF-I and insulin signaling in humans, rather than NIH-3T3 differentiated cells which are mouse derived [9, 10] .
Initially, we wished to study gene expression profiles for non differentiated preadipocytes as well as adipocytes but the SGBS preadipocytes showed very poor responsiveness to either ligand and were therefore excluded from the present study (data not shown). This is particularly intriguing as both insulin and IGF-I have been shown to induce differentiation of 3T3-F442A cells into adipocytes [14] . In our hands, differentiated adipocytes responded well to both ligands, and showed greater responses to the effects of insulin (329 genes) than to IGF-I (103 genes) respectively (Fig. 2) . Of these, 215 transcripts were up-regulated by insulin while 114 were down-regulated, while 70 transcripts were up-regulated and 34 down-regulated by IGF-I. This is in contrast to the earlier data reported by Dupont et al. [5] and Mulligan et al. who found greater responses to IGF-I than insulin, albeit using different cell lines. The greater response to IGF-I signaling, reported by these two groups, could be due to the cell lines used (NIH3T3 or NIH3T3-L1) and may be a consequence of the different amounts of IR and IGF-IR present in these cells. Differentiated NIH-3T3-L1 adipocytes express very high levels of IR (approximately 250 x 10 3 per cell) [15] , and IGF-IR (approximately 13 x 10 3 receptors per cell) [16] , while NIH-3T3 express low levels of IR (5.4 ± 1.35 x 10
3 ) and IGF-IR (3.4 ± 2.6 x 10 3 ) [17] . While the levels of IR and IGF-1R in SGBS adipocytes are unknown, both receptors are known to be expressed in these cells [10] , and further emphasizes the potential for marked differences in responses to insulin or IGF-I signaling between murine and human adipocytes.
In agreement with Mulligan et al. [6] and in contrast to Dupont et al. [5] we found more similarly regulated genes than differentially regulated by the two hormones in microarray analysis. However, since insulin and IGF-I target similar intracellular signaling pathways and have generally overlapping effects in tissue culture; one might expect more similarities than differences in gene expression patterns between the two ligands, though some differences also exist, as the ERK/MAPK pathway was specifically activated by IGF-I in our study. In this regard, our results in differentiated SGBS adipocytes are also in agreement with those observed by us in insulin receptor transfected L6 myoblasts [7] . Microarray analysis of gene expression changes in these cells when stimulated by insulin found that half of the differentially regulated genes interacted in some way with genes associated with the MAPK (mitogen-activated protein kinase) pathway [8] . These results are also in contrast to the observations we have made in human myoblasts or myotubes, where IGF-I was found to be the most potent regulator of gene expression [7] . PCK1 gene involved in gluconeogenesis was downregulated by insulin and IGF-I in agreement with previously published data for brown adipocytes [13] , and white adipose tissue [18] . PDK4, which is involved in glucose and lipid metabolism [19] was down-regulated specifically by insulin but not by IGF-I in our data, whereas in contrast to our results Mulligan et al. found it down-regulated by both ligands [6] . Our results (i.e. down-regulation of PDK4 by insulin) fit with PDK4's role in inactivating pyruvate dehydrogenase, and promoting fatty acid oxidation. In vivo, secretion of insulin responds to high levels of carbohydrates and would therefore downregulate PDK4, thereby promoting the oxidation of glucose instead of fatty acids [20] .
Next we used IPA software to identify key biological pathways associated with the genes identified by microarray analysis. Two major RTK signaling pathways were identified, PI3K/AKT (Fig. 4) and ERK/MAPK (Fig. 5) .
To confirm the microarray results we validated the differential expression of seven genes, selected from different classes of categories by real-time PCR analysis. Although the numbers of genes selected for validation by PCR are small, the results indicate the robustness of the microarray analysis. Of these visfatin (also known as Pre-B-Cell Colony-Enhancing Factor 1; PBEF1 or Nicotinamide Phophoribosyltransferase; NAMPT) was found by us to be a gene whose expression is regulated by insulin and IGF-I ( Table 2 , Fig. 6 ). We also investigated its expression in untreated adipocytes compared to untreated preadipocytes and found that it is upregulated in adipocytes, and downregulated when the adipocytes are stimulated by insulin or IGF-I as confirmed by real-time PCR (data not shown). Visfatin is especially interesting because, visfatin has been shown to have a marked increase during the differentiation of NIH-3T3-L1 preadipocytes, and is downregulated in adipocytes in response to insulin treatment [21] . Elevated levels of visfatin have been observed patients with type 2 diabetes compared to normal subjects [22] . Interestingly, we observed that the expression of the adipokine visfatin was down-regulated by both insulin and IGF-I in the differentiated adipocytes. When the levels of non-stimulated adipocytes were compared with non-stimulated pre-adipocytes, we found it to be more than 6-fold higher in adipocytes. Furthermore, Chen et al. measured the plasma level of visfatin in patients with T2DM and found it to be 2-fold higher than in control subjects [22] , suggesting a role in pathogenesis of T2DM. Thus, the fact that we also found the expression of visfatin upregulated in untreated adipocytes (controls) and downregulated when treated with insulin, further enhances its role in adipogenesis and diabetes.
Another gene found by us to be affected by insulin or IGF-I was Beta-tubulin. In our system, this gene was upregulated by either insulin or IGF-I (Table 1, Fig. 6 ). This is in contrast to data from rat primary adipocytes where protein levels of beta-tubulin decrease in response to treatment with insulin [23] . The functional significance of this may relate to tubulin's roles in regulating Glut4 translocation in adipocytes and other insulin sensitive cells [24] . Farnesyl diphosphate synthase (FDPS) also known as Farnesylpyrophosphate synthase (FPS) was found by us to also be upregulated by insulin and IGF-I (Table 2, Fig. 6 ). In hepatocytes, insulin . The expression of PBEF was also compared in untreated adipocytes with untreated preadipocytes. The fold induction of the real-time PCR data was computed using a standard curve analysis and normalized to the level of 18S rRNA. At least two independent experiments were performed in duplicates for each gene. Genes which were downregulated by insulin and IGF-I in adipocytes include the growth hormone recptor (GHR) and sirtuin 1 (Sirt1). It is well established that the GHR plays important roles in the signal transduction pathway leading to synthesis and secretion of insulin-like growth factor I [26] . Expression of GHR has recently been observed to increase during adipocyte differentiation and to maintain high levels of expression in mature adipocytes [27, 28] . Intriguingly, GH is known to show mitogenic activity in preadipocytes by stimulating IGF-I expression up to 12-fold [29, 30] , but in differentiated adipocytes GH was shown to elicit antiadipogenic activity [29] . Insulin or IGF-I signaling in adipocytes may therefore function to regulate the levels of expression of this receptor, as overexpression of this gene may be deleterious to adipocytes by inhibiting glucose uptake and lipogenesis, and stimulating lipolysis [29, 31] . Sirt1 has been implicated as an important regulator of insulin and IGF-I mediated signaling [32, 33] . Indeed SIRT1 is downregulated in insulin-resistant cells and tissues and knockdown or inhibition of SIRT1 induces insulin resistance [34] . Why insulin or IGF-I signaling results in decreased gene expression of SIRT1 in our hands is not clear, but such a decrease may reflect a transient response by the cells to these signaling events.
One of the major problems associated with microarray studies concerns the frequent lack of overlap in identified genes from similar studies. Several factors may therefore have confounded the results of this analysis. For instance, SGBS adipocytes express both IR and IGF-IR [10] , and therefore there remains the possibility that ligand crossreactivity occurred as well as the formation of hybrid receptors which may play dilute or cause divergent gene expression. Another factor to consider is the timescale chosen for stimulation. We chose to stimulate for 24 h in order to get maximal responses but this will also trigger some secondary gene expression events, while early and immediate early gene expression events may be missed. Previously similar gene expression studies have used 90 min [5] and 4 h [6] , which would miss the later gene expression events. The ideal study would include several time points as well as several concentrations of the ligands, and future experiements should consider these. Nevertheless, our data compare quite well with the previous reported microarray results [5, 6] . As discussed these differences may arise from the use of different model system, different time points and concentrations of the ligands. It may prove useful to do a combined metaanalysis of all the available microarray data from similar studies to identify some common patterns, which might reveal some interesting and yet not discovered expression profiles and pathways related to insulin or IGF-I signaling.
CONCLUSION
Our results indicate that under the conditions used in the present study, insulin is a more potent regulator of gene expression in human adipocytes than IGF-I. 
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